Improvements in vehicle safety require understanding of the neural systems that support the complex, dynamic task of real-world driving. We used functional near infrared spectroscopy (fNIRS) and pupilometry to quantify cortical and physiological responses during a realistic, simulated driving task in which vehicle dynamics were manipulated. Our results elucidate compensatory changes in driver behavior in response to changes in vehicle handling. We also describe associated neural and physiological responses under different levels of mental workload. The increased cortical activation we observed during the late phase of the experiment may indicate motor learning in prefrontal-parietal networks. Finally, relationships among cortical activation, steering control, and individual personality traits suggest that individual brain states and traits may be useful in predicting a driver's response to changes in vehicle dynamics. Results such as these will be useful for informing the design of automated safety systems that facilitate safe and supportive driver-car communication.
| I N TR ODU C TI ON
The goal of improving vehicle safety is a major focus of the automobile industry and has led to the design and implementation of increasingly automated vehicle safety systems. A comprehensive understanding of driving behavior under different circumstances, for example, how drivers respond to changes in vehicle handling, could significantly inform the design of these safety systems and improve overall driving safety.
Functional neuroimaging during realistic driving scenarios offers a unique opportunity to examine the cognitive processes that support safe and skilled driving behavior.
Driving involves coordinated sensory, motor, and cognitive processes. Characterizing and quantifying the neural circuitry underlying these processes has been a goal among cognitive neuroscientists using various neuroimaging techniques with varying complexity of task design. Functional MRI (fMRI), which requires participants to lie supine in a tube, has been used to examine neural activation in simulated driving and navigation paradigms (Calhoun et al., 2002; Unni, Ihme, Jipp, & Rieger, 2017; Walter et al., 2001) , and to investigate fundamental components of driving behavior, such as visuospatial and visuomotor processing (Ng et al., 2000; Pollmann, & von Cramon, 2000) and attention (Beauchamp et al., 2001) . Functional near infrared spectroscopy (fNIRS), a portable, noninvasive optical imaging technique, has been used to measure cortical activation during on-the-road driving (Yoshino et al., 2013) and in realistic, simulated driving tasks (Tsunashima and Yanagisawa, 2009; Xu et al., 2017) .
Driving requires widespread recruitment of neural resources with specific and unique neural circuitry subserving individual aspects of driving behavior. The parietal, occipital, and frontal lobes are most consistently engaged in driving tasks (Li et al., 2012) ; subcortical, cerebellar and occipital regions are also involved (Calhoun et al., 2002; . In particular, driving involves extensive recruitment of cognitive systems responsible for visuospatial integration and visuomotor mapping, including the fronto-parietal and cerebellar networks (Walter et al., 2001) . Executive control, planning and spatial working memory processes are required for driving, and these processes are Hum Brain Mapp. 2018;1-13.
wileyonlinelibrary.com/journal/hbm associated with activation in prefrontal and parietal cortical regions (Spiers and Maguire, 2006; Spiers, & Maguire, 2007) . The frontoparietal vigilance network is also active during driving, with increased activation at higher speeds (Calhoun et al., 2002) . In contrast, error monitoring regions such as the anterior cingulate demonstrate decreased activation with increasing speed (Calhoun et al., 2002) .
To better understand the neural basis of drivers' responses to changes in vehicle handling, we used an ultra-portable fNIRS system to examine cortical activation under different vehicle steering control conditions, using an immersive, fixed-base, full-cab driving simulator.
fNIRS during simulated driving provides a unique opportunity to examine behaviors that occur in more "real world," ecologically valid settings yielding results that are more interpretable than those collected during an MRI scan. We have greater experimental control over a simulated driving environment relative to natural driving conditions, and thus are able to examine particular aspects of driving behavior while prioritizing safety of the participant.
In this study, we manipulated the visuomotor mapping between the driver's steering commands and the behavior of the simulated vehicle. Participants completed a steering task based on the ISO standard double-lane change maneuver (ISO 3888-1 1999) . During this task, half of the trials presented the participant with congruent visuomotor mapping in which turning the handwheel (steering wheel) to the right resulted in movement of the vehicle to the right, and vice versa. The other half of the trials presented the participant with incongruent visuomotor mapping in which the movement of the handwheel to the right corresponded with movement of the vehicle to the left, and vice versa. We used fNIRS to measure activation in prefrontal and parietal brain circuits in response to the cognitive demands of these two steering conditions. We included concurrent measurement of pupil diameter. As originally proposed by Kahneman (1973) , pupil response as measured by change in pupil diameter is strongly associated with attention (Kang et al., 2014; Wierda, van Rijn, Taatgen, & Martens, 2012) and mental workload during visuospatial tasks such as object tracking (Alnaes et al., 2014) and driving (Recarte & Nunes, 2003) . Additionally, our driving simulator ( Figure 1 ) captured precise metrics of driver steering behavior, allowing us to link condition-based changes in cortical activation with discrete changes in driving performance. Finally, we assessed personality characteristics that may be related to driving performance (Ulleberg & Rundmo, 2003) using the NEO Five-Factor inventory (NEO-FFI) (Mccrae & Costa, 2007) . Personality characteristics were assessed as potential covariates of interest to predict driving performance, brain activity, and pupillary response. We hypothesized that the incongruent steering condition would be associated with increased cognitive load as evidenced by increased cortical activation, enhanced pupillary response and altered patterns of steering behavior.
| M A TER I A LS A N D M ETH OD S
Participants (N 5 21, 10 females, mean age 5 23. 48, range: 18-37) were right handed as measured by the Edinburg Handedness Inventory (Oldfield, 1971 ) (mean 5 80.2, SD 5 15.51), had a valid driver's license or permit, and no prior professional driving experience. Participants had 1-21 years of driving experience (mean 5 7.5, SD 50.87) and, drove up to 10 hours per week (mean 5 4.89, SD 5 5.02) at the time of participation. All participants screened negative for significant psychiatric history including anxiety or depression, and other chronic or significant medical conditions. All participants had normal or corrected to normal vision. The participants were recruited locally via mailing lists, advertisements and fliers. The study was approved by the Stanford Univer- Steering performance, fNIRS, and pupil diameter measures were only included in the group analysis if the trial was performed correctly.
Correct performance was defined as the vehicle passing through either the left or right set of double cones (as indicated by the direction sig- Figure 2 ). Optodes were positioned over standard 10-20 system locations using individually sized caps (Brain Products, Germany) to maintain consistency across variation in head size (Okamoto et al., 2004; Tsuzuki et al., 2012) . Plastic supports were placed between each source/detector pair that constituted a recording channel to maintain a 3 cm channel length. This consistency allowed us to subset the fNIRS channels of interest down to those directly measuring each region of interest (see functional localization section below). fNIRS data were not collected for a subset of participants (N 5 4) due to technical errors.
SMI ETG 2.0 binocular eye tracking goggles (SensoMotoric Instruments, Germany) were used to measure pupil diameter with two infrared cameras (one for each eye) integrated in the inner eyeglass frame. The goggles recorded pupil diameter at a sampling rate of 30 Hz.
Pupillary response was measured for a subset of participants (N 5 15).
Participants also completed the NEO-FFI personality self-report (Mccrae and Costa, 2007) A one-sample t test was performed to quantify how different incongruent trials were from zero (i.e., how different they were from congruent trials).
An alpha of 0.05 was used and statistics for feedback metrics of driver behavior were corrected for multiple testing using the false discovery rate (FDR) procedure (Hochberg & Benjamini, 1990) . We also examined the peak values for each of the feedback metrics (handwheel speed, yaw rate, lateral acceleration) by extracting the highest value from each trial and each portion of the course (turn and straight), then averaging across trials.
The pattern of cortical activation during each condition of interest was assessed using a general linear model (GLM)
approach. The use of GLM for analysis of event-related fNIRS designs has been well established. The data were analyzed using the HOMER2 package in MATLAB and the preprocessing pipeline outlined by Brigadoi et al. (2014) . First, all optical density data were corrected for motion artifacts by the use of a wavelet motion correction procedure. Next, the optical density data were bandpass-filtered between 0.01 and 0.5 Hz prior to being converted to HbO and Hb values using the modified Beer-Lambert law (Wyatt et al., 1986) . maneuver of each trial. To make a priori comparisons between specific elements of our task, contrasts generated by calculating the difference between condition-specific beta coefficients were submitted to statistical analysis.
We employed a functional localization approach (Hosseini et al., 2017) to allow for variation in cortical activation in response to our task. Thus, the only channels submitted for group statistical analysis were those that demonstrated a hemodynamic response to our task.
This approach differs from the standard channel-wise analysis approach, which groups all channels across participants on a one-toone basis according to channel number (Tak & Chul, 2014) .
First, all channels that shared a common fNIRS source were labeled together and constituted a "source neighbor" cluster. As our optode arrangement contained 16 source optodes, this procedure resulted in 16 source neighbor clusters. Moreover, due to the a priori design of our optode arrangement, the total number of channels within each source neighbor cluster included 2 (n 5 10), 3 (n 5 4), or 4 (n 5 2) channels ( Figure 2 ). Despite differences in the number of channels included in a cluster, grouping channels together based on their source optode constrained each region of interest to a 3 cm radius surrounding each source. Next, within each source neighbor cluster, the single channel with the largest contrast value for each contrast of interest was selected for submission to group analysis. Thus, each participant contributed 16 individual channels (i.e., one channel per cluster, S1-S16) Pupil diameter data for each eye were deblinked (Siegle et al., 2003) before the left and right eye pupil diameter was averaged to account for differences in pupil size between eyes. Linear detrending was applied to the time course of pupil diameter and the mean pupil diameter for each portion of the trail (straight and turn) and each condition (congruent and incongruent) was calculated.
We examined the relationship between significant cortical responses to the task and metrics of steering behavior, pupil diameter and personality factors (NEO-FFI scores) using linear regression. A separate, stepwise regression was conducted predicting activity in each channel of interest from a combined set of behavior, pupil diameter, and personality factors.
| R E SU LTS

| Steering behavior
Vehicle position across all trials is summarized in Figure 3a . There was no difference between early and late phases when comparing turning versus straight driving within congruent trials (p(FDR) > .10).
| Pupil diameter
There also was no difference between early and late phases for incongruent versus congruent trials during turning or straight portions or when we compared turning to straight potions of the trial (all steering conditions combined or within congruent or incongruent trials only,
For each source cluster demonstrating a significant difference between incongruent and congruent trials during the turning portion, we conducted linear regression with step-wise entry to identify the steering control metric contrasts that were significantly related to cortical activation. These analyses indicated that driver's peak yaw rate during the straight portion of the turn predicted cortical activation in right PFC (S5, F 5 11.809, b 5 218.77, p 5 .003, p(FDR) 5 .022, Figure 5 ). We also explored the association between driving experience and our primary outcomes. Specifically, we examined associations between 
| D ISCUSSION
This study employed a basic cognitive neuroscience paradigm -reverse motor mapping (Grafton et al., 2001 )-within an immersive, naturalistic driving task, demonstrating a pattern of cortical activation response that lends ecological validity to previous, more basic research. The primary results demonstrate that when the steering dynamics of the vehicle were altered, the driver recruited more cognitive resourcessignified by increased prefrontal and parietal cortical activation and enhanced pupillary response-and made corresponding adjustments in steering behavior to compensate for the altered condition. Individual differences in cortical activation and personality were related to steering performance suggesting that cortical activation patterns and personality traits may be useful in predicting a driver's response to changes in vehicle handling. Studies such as this, which quantify driver responses on several levels (behavioral, physiological, neurobiological) along with descriptions of individual personality traits and cortical activation patterns will be useful for informing the design of vehicle safety systems that support, rather than distract or confuse, a driver.
| Cortical response to driving task
Specific cortical regions associated with increased activation in response to the steering manipulation (incongruent relative to congruent trials) included bilateral dorsolateral PFC and bilateral superior parietal cortices. The PFC and parietal cortex are critical for visuospatial working memory, attention, executive control and vigilance while driving (Calhoun et al., 2002; Spiers, & Maguire, 2006; Spiers et al., 2007; Walter et al., 2001 ). The right dorsolateral PFC and bilateral inferior parietal cortex responded to novel visuomotor mapping in previous research using a more basic cognitive task (Anguera et al., 2010) . The parietal cortex also plays a role in updating motor plans based on visual feedback (Desmurget et al., 1999) . Our results are consistent with previous fNIRS evidence that increased workload and attention demands during simulated driving are associated with increased activity in the PFC (Shimizu et al., 2013; Unni et al., 2017) . Future studies will be required to tease apart the potentially overlapping cortical responses specific to visuomotor mapping and vehicle navigation (i.e., the baseline 
| Pupil response
Enlarged pupil diameter under the incongruent steering condition (relative to congruent steering) was observed during both the straight (preparatory) and turn portions of the driving task. Pupil response in association with cognitive processing is attributed to release of norepinephrine from the locus coeruleus (LC), which exerts inhibitory control on the parasympathetic oculomotor system (Wilhelm, 1999) . Pupillary response corresponds with demands on attention (Kang et al., 2014) and mental workload during visuospatial tasks such as object tracking (Alnaes et al., 2014) and driving (Recarte and Nunes, 2003) . The LC neuradrenergic system has also been linked to the fronto-parietal attention network (Corbetta et al., 2008) . Thus, elevated pupil diameter in this study can be considered evidence of increased mental workload and attention during the preparatory period as well as during the actual turning maneuver.
Measurement of pupil diameter represents a potentially important complement to fNIRS as pupillary response is related to activity in the LC (Alnaes et al., 2014; Murphy, O'Connell, O'Sullivan, Robertson, & Balsters, 2014) , a deep brain structure that cannot be directly measured with fNIRS. It will be important to study pupillary response during preparation for maneuvers under a more realistic change in handling, to determine how useful it is as a measure of driver mental workload in the real world. However, the results presented here suggest that it is important to consider a driver's cognitive load in the period leading up to a challenging maneuver, and during the maneuver itself.
| Steering behavior
Performance errors (i.e., unsuccessful attempts to complete the double lane change maneuver) were minimal: 8 participants completed the trials with no errors and 12 participants made between 1 and 8 errors across all trials. Although the significantly different steering behavior we observed (discussed in detail below) enabled drivers to successfully complete the maneuver under the incongruent steering condition, the paths driven during incongruent trials deviated significantly from the mean path taken during congruent trials (lateral position deviation).
Participants were instructed to perform the lane-change maneuver without hitting any cones but were not instructed to follow a specific path. Thus, there are two possible interpretations for deviation from the mean congruent path. First, the driver intended to follow a similar path under both conditions, but was less able to track this path under the incongruent steering condition. Second, the driver altered his or her path in order to gain an additional degree of freedom to complete the task. Evidence for the latter interpretation comes from our observation that there is no significant correlation between lateral deviation and handwheel speed during the turn portion of the task (p > .10). As discussed below, handwheel speed is a metric that captures feedback components of the driver's steering control, so the lack of correlation with lateral position deviation suggestions that drivers are allowing themselves a greater variation in path as a strategy to compensate for the increased difficulty of making the lane-change under the incongruent condition.
We found that drivers exhibited a significantly smaller time to handwheel peak under the incongruent steering condition, relative to congruent steering, indicating that participants turned the handwheel earlier during incongruent trials to compensate for the change in vehicle steering control. The metric of time to handwheel peak includes feedback components, but, importantly, also represents the feed forward component of driver steering control (Russell et al., 2016) . Our results suggest that the driver plans to start their lane-change maneuver earlier under the incongruent steering condition, as a strategy to gain more time for any necessary steering corrections. Adjustments in feed forward control may be related to activity in the dorsolateral PFC, which is known to be involved in executive control (Hoshi, 2006; Miller, & Cohen, 2001) , attention, and action inhibition (Cieslik et al., 2013) . Thus, initiating the turn sooner may represent a top-down compensatory strategy that is linked to inhibition of the prepotent motor response to turn the wheel in the congruent direction.
Handwheel speed, lateral acceleration, and yaw rate capture feedback components of the driver's steering control. These metrics were significantly higher during incongruent trials, for the preparatory period leading up to the turn, and the turn itself. Increased handwheel speed indicates that participants made more rapid steering corrections to compensate for the incongruent condition. Similarly, the increase in lateral acceleration and yaw rate under incongruent steering indicates that the resulting motion of the vehicle displayed more abrupt changes.
FIG URE 8
Relationship between learning signatures of neural activation and handwheel speed. The y-axis corresponds to T contrast values reflecting activation in the right parietal region (S11) for turning-straight driving, for the early-late phase of the experiment, within incongruent trials. The x-axis corresponds to turning-straight driving, for the early-late phase of the experiment, within incongruent trials
The PFC and parietal cortex facilitate remapping of visuomotor associations (Anguera et al., 2010; Murray, Bussey, & Wise, 2000; Staines, Padilla, & Knight, 2002) . Thus, observed activation increases for these regions suggest they may be supporting the increase in feedback-based steering behavior we observed during incongruent trials.
The steering manipulation we present here is an extreme change in vehicle handling. While the average driver would not experience such an extreme change in real-world driving, our results are in line with a previous study from our group that involved control of a vehicle under more realistic changes in steering control (Russell et al., 2016) . In particular, Russell et al. investigated driver responses to a change in steering ratio to simulate a driver regaining control of an automated vehicle travelling at a higher speed than the last time he or she was actively engaged in the driving task. Russell We also present regression results quantifying relationships between personality and cortical activation/driving performance. Individuals scoring higher on the extraversion scale demonstrated less increase in parietal resources and navigated the car with a more consistent path (i.e. less deviation in lateral position) during the incongruent condition. Previous studies have shown that extraversion is a significant predictor of distracted driving (Braitman and Braitman, 2017) , and (when considering driving history) is positively correlated with number of traffic fatalities (Lajunen, 2001 ). To our knowledge, the results here are the first direct link between personality traits and different approaches to a particular driving maneuver.
Higher scores on the openness scale were associated with more consistent steering behavior across incongruent/congruent conditions. Individuals scoring higher on the openness scale drove a more consistent path (less deviation in lateral position) and were more consistent in the timing of the initiation of the lane change (time to handwheel peak)
for incongruent relative to congruent conditions. Openness is associated with cognitive flexibility and working memory (DeYoung et al., 2005) and is positively related to one's ability to adapt to changing contexts in a cognitive task (LePine et al., 2000) . Previous research has indicated a moderated relationship between openness and driving behavior (Clarke and Robertson, 2005) We also observed evidence that the amount of previous driving experience was related to cortical activation and to steering behavior.
Specifically, individuals with more years of driving experience demonstrated less increase in left parietal cortex and less increase in yaw rate when completing the turn in the incongruent condition. Previous driving experience is an important variable to consider (Shen et al., 2016) .
Our results suggest that with more driving experience a driver is better equipped to handle changes in a vehicle's behavior. However, we also confirmed that our activation results remained significant after accounting for years of driving experience.
| Learning effects
We observed significantly greater activation in the bilateral PFC and bilateral parietal cortex during the late compared to the early phase of the experiment (turn relative to straight). These regions are involved in a range of motor learning tasks (Hikosaka et al., 2002) , and increased activation in parietal cortex has been associated specifically with late phases of learning (Cavaco et al., 2015) . In our study, individuals who demonstrated greater learning-related activation changes in the right parietal cortex demonstrated more consistent handwheel speed, a measure of feedback, over the course of the experiment. Thus, greater learning in parietal cortex was associated with a more consistent feedback control strategy during the incongruent condition. These data provide further evidence that a driver's brain state might be predictive of how he or she will adapt to changes in vehicle handling. We interpret these results with caution, as the experiment was not designed to assess learning. Furthermore, fNIRS is not capable of imaging activation changes in deep brain structures, or the cerebellum, thus we were only able to partially describe motor learning pathways.
| SU M M A RY
In summary, we have demonstrated that when a driver is presented 
